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INTRODUCTION
The construction of liposomes which are vesicular structures composed of phospholipid bilayers have attracted considerable interest since their discovery in the 60's 2, 3 . They provide a model for biological membranes due to their organization and the versatility of their physicochemical properties. In addition, liposomes are useful nano and microscale vesicles for biomedical applications [4] [5] [6] , for example drug delivery and targeting 7, 8 . Liposomes are potential carriers for a variety of drugs that include therapeutic proteins and diagnostic agents. Indeed, membrane transport proteins can be incorporated in the liposomal membrane and act as multidrug transporters 9 . But prior to incorporation of these transport proteins, it is necessary to gain insight into the membrane environment of these vesicles. Amongst the numerous procedures that have been developed to prepare liposomes from biomimetic lipids 10, 11 , the formation of giant unilamellar vesicles, either by hydration or electroformation 12 , has proved to be valuable. The size of the liposomes, similar to those of living cells 13 , enables their visualization by optical microscopy and the micromanipulation of individual vesicles 14 . These large vesicles have been widely used to study lipid mobility 15 , membrane dynamics 16 , lipid domain formation 17 , lipid-DNA interactions 18 , vesicle shape change 19 , membrane curvature and elasticity 20 . Undeniably, biological membranes are highly dynamic systems and can deform themselves in the case of external stresses. Numerous articles have been dedicated to these geometric transformations which imply physical properties such as lipid fluidity, stretching and bending elasticity. Méléard et al. 21 gave bending elasticities as a function of sterol content and temperature. Viallat et al. 22 studied the shape instability in giant liposomes induced by osmotic shrinkage and compared the results with the shapes predicted from the area difference elasticity model 23 . Typically, the mechanical properties of giant liposomes have been analysed by optical microscopy. Microscopic measurement has been combined with fluorescence measurement to correlate shape changes with lateral phase separation within the membrane 24 . Other studies demonstrate the usage of phase contrast microscopy 25 or pulse-light microscopy 26 .
As a novel optical method, holographic interferometric microscopy has been recently developed at the University of Münster, Germany 1 . This instrument allows a fast, non destructive and quantitative high resolution full field detection of optical path length changes. With a measurement accuracy in the sub micrometer range, interferometry has already shown its application in medicine and biology 27 . In combination with microscopic resolution, the digital holographic setup offers new possibilities for detecting refractive index changes and variations in the shape of unlabelled cellular samples. Digital holographic microscopy could be applied to a marker free monitoring of life processes and cell manipulation 28 as well as automated cell differentiation. In digital holography, the phase information that is reconstructed simultaneously to the absolute amplitude can be applied for quantitative phase contrast microscopy 1 . It is the reason why we have investigated osmotic stresses affecting liposomes, such as swelling or shrinking.
In the present work, we report initially the construction of giant liposomes as either multilamellar or unilamellar vesicles. Giant unilamellar liposomes were prepared using sucrose solutions of various concentrations. Sucrose is normally used for cryoprotection of cells and liposomal solutions with different forms of saccharides naturally found in association with cell membranes. It is known from calorimetry and x-ray diffraction that sucrose does not significantly alter lipid bilayer packing or phase transition temperature, except at extreme dehydration 29, 30 . Subsequently, we demonstrate the shrinking process of a giant unilamellar liposome by the addition of a 2 M NaCl solution using digital holographic microscopy. In order to monitor the deformation of the giant vesicle, a measurement cell with a large solution chamber was developed. Tubing was added to the cell to allow the solution of salt to enter the chamber at the desired flow rate.
MATERIALS AND METHODS

Chemicals
L-alpha-phosphatidylcholine (PC) from soybean, cholesterol, chloroform, sucrose, glucose, sodium chloride (NaCl), potassium chloride (KCl) and 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) were purchased from Sigma Chemical Co. (St Louis, MO, USA). 5-dodecanoylaminofluorescein from Invitrogen (Carlsbad, USA) was first dissolved in dimethyl sulphoxide (DMSO) at a concentration of 10 mg·mL -1 and later diluted to 1 mg·mL -1 in ethanol. Water of high resistivity (18.2 MΏ) was freshly prepared using a Milli-Q system from Millipore (Belford, MA, USA).
Preparation of giant liposomes
Giant multilamellar liposomes were prepared by first diluting PC lipid (100 mg·mL -1 ) and cholesterol (either 10 or 40 mg·mL -1 ) in chloroform to produce a mixture of 400 µL in a glass test tube. The mixture was dried at room temperature by a stream of nitrogen gas to form a thin lipid film upon the surface of the tube. The tube was subsequently placed in vacuo for >4 h to remove the last trace of organic solvent. The lipids were then resuspended in buffer (200 mM KCl / 5 mM HEPES, pH 7.2) and bath-sonicated for 15 min. The liposomes were collected by ultracentrifugation at 40,000 × g for 40 min and resuspended in 300 µL buffer. 40 µL of this liposomes solution was spotted onto a glass plate and left to dry under vacuum for 4-6 h. Giant multilamellar liposomes were then formed by overnight rehydration in buffer.
Giant unilamellar liposomes were prepared according to the standard hydration procedure 25, 31, 32 with some modifications. In brief, a completely dried lipid film containing 100 µL of 10 mg·mL -1 PC with 10 % (w/w) or 40 % (w/w) cholesterol in chloroform was prepared in a glass test tube as described earlier. Rehydration of the lipid was later made at 45ºC by the addition of a small amount of pure water (5 µL) to the tube for a few minutes (prehydration) followed by the addition of 5 mL of an aqueous solution of 0.1 M or 2 M sucrose. The tube was incubated at 45ºC for 2-3 h. After gentle rocking overnight at room temperature, the lipid film dispersed uniformly in the solution and a white cloud was floating in the middle of the solution, which contained giant liposomes. The obtained liposomes were stable up to four days at 4°C.
Observation of liposomes
Giant unilamellar liposomes were observed through a 60× water immersion objective on a confocal laser scanning microscope (FV300, Olympus, Tokyo, Japan ) in transmitted light and fluorescent modes. To increase the contrast of the membrane, 5 µL of giant unilamellar liposomes were diluted into 300 µL of 0.1 M or 2 M aqueous glucose solution. The replacement of the external solution with an equimolar glucose solution allowed the sedimentation of the liposomes (the density of sucrose and glucose at 20°C are 1.35 and 1.07 g·mL -1 , respectively). Fluorescent images were obtained using argon laser (488 nm excitation, with 510 high band pass emission filter). To stain the lipid membrane, 5 µL of 1 mg·mL -1 fluorescein dye solution were added to the diluted solution of giant unilamellar liposomes.
To further assess the lamellarity of the membrane, Transmission Electron Microscopy (TEM) images of unilamellar and multilamellar liposomes were obtained at the Department of Anatomical Pathology, Liverpool Hospital (NSW, Australia) after dilution by a factor of 2 in fixative agent, generously donated by that Department.
Digital holographic microscopy
Fig . 1A shows the schematic of the digital holographic microscopy setup. The emitted light of a frequency doubled Nd:YAG laser (λ = 532 nm) is divided into object wave and reference wave. The coherent illumination of the probe is realized in inverse transmission light arrangement. For that purpose, the object wave is integrated into the optical path of an inverse microscope (Zeiss Axiovert) by a polarizing beam splitter cube. The condenser is adjusted as for conventional white light illumination. A 40× microscope objective (Zeiss Acroplan 40x, NA 0.6 LD) is used for investigation of the giant liposomes in the measurement cell, to magnify the object wave. To arrange holographic "off-axis" geometry, a slightly tilted reference wave is superimposed to the object wave by a second beam splitter cube. Digital holograms are captured by an 8 bit CCD array with IEEE 1394 interface. Numerical reconstruction of the object wave is performed in two steps. In a first step, the complex object wave (amplitude and phase) is reconstructed by solving the interferogram equation within the hologram plane (CCD array). If necessary, due to defocused object structures, the complex wave is propagated in a second step. In this step, numerical propagation is performed by evaluation of the Fresnel-Kirchhoff diffraction integral, e.g. with the discrete Fresnel transform (DFT). The combination of image plane holography with wave front propagation enables the reconstruction of multiple focus planes without the disturbing term: twin image and zero order. As a result, the full pixel resolution of the CCD sensor is available for the reconstructed object wave 1 . From the reconstructed complex object wave, in addition to the absolute amplitude that represents the image of the sample, the phase information of the object wave is obtained modulo 2π simultaneously. After removal of this ambiguity by an unwrapping process the obtained data can be applied for quantitative phase contrast microscopy. Fig. 1B represents the object cell placed on the stage of the microscope. The measurement cell used to shrink liposomes was composed of two plexiglass holders where round coverslips enclosed the chamber at the top (Ø22 mm) and at the bottom (Ø12 mm). The giant liposomes were left to settle at the bottom of the chamber on the small round coverslip for 20 min before any measurement. The tubing allowed the solution of salt to enter the chamber. An o-ring, placed between the upper and lower part of the device, prevented any linkage from the chamber. For the shrinking process, the giant liposomes containing 2 M sucrose solution were diluted in 1 M NaCl solution before sedimentation. The deformation of the liposomes was later observed by adding a 2 M NaCl solution to the chamber at a flow rate of 1 mL·min -1 . 
RESULTS AND DISCUSSION
Observation of liposomes
Once the liposomes had been rehydrated in 0.1 M sucrose, giant unilamellar liposomes with diameters of tens of micrometers were found. The observed liposome diameters ranged from 20 to 80 µm. Fig. 2A shows representative giant vesicles stained with fluorescein dye. Based on the quantitative fluorometric estimation of the number of bilayers from Akashi et al. 31 , the liposomal membranes were judged to be unilamellar. The TEM image of two adjacent giant liposomes, depicted in Fig. 2B , confirmed this hypothesis. Indeed, the lipid bilayer membranes of two different liposomes were found to be correctly amplified on a scale bar of 0.2 µm. The concentration of sucrose inside the vesicles was later increased to 2 M and gave the same results regarding the unilamellarity of the membrane.
A giant multilamellar liposome is depicted in Fig. 3 . The image, obtained by TEM, reveals the assembly of multiple lipid bilayer membranes. There are two possible explanations for the liposome assembly shown in Fig. 3 . The first possibility is that the sonication time of 15 min was not long enough to allow the multiwalled liposomes to become unilamellar. The second possibility is that the dehydration / rehydration step led to the spreading of several lipid layers and the formation of larger but multilamellar liposomes. Incorporation of charged biomimetic lipids in the starting solution could be helpful to force the membranes to repel each other by electrostatic forces. The diameter of the vesicle shown in Fig. 3 is approximately 2 µm. This size does not correspond to a giant liposome (i.e. >20 µm) because the section where the liposomes has been sliced is most probably at the top or at the bottom of the liposome and not near the diameter. 
Digital holographic microscopy
The digital holographic microscopy system has enabled high resolution quantitative phase contrast measurement of a giant unilamellar liposome (Ø20 µm). However, to achieve these measurements with unilamellar liposomes it was necessary to modify the liquid medium inside the liposome in order to enhance the difference in refractive index with the external liquid. This is because the quantitative phase contrast generated increases with the difference in refractive index between the internal and external solutions. Although the refractive index of the lipid bilayer is (1.42-1.45) 33 , the bilayer thickness is less that the current zresolution of the holographic microscope and is thus "invisible" under these conditions. Because the multilamellar liposomes are filled with lipid bilayers and the external liquid has a refractive index close to 1.333, no difficulty was encountered in measuring the giant multilamellar liposomes, as seen in Fig. 4 . This was not the case for the giant unilamellar liposomes, referred to as "invisible liposomes". Once we have been able to visualize the giant unilamellar liposomes with the holographic microscope, we next measured the structural changes in liposomes induced by osmotic stresses. To realize this experiment, a NaCl solution (2 M) was added progressively to the surrounding medium of the liposome, developing a shrinkage of the vesicle. Fig. 5a shows the reconstructed quantitative phase images of a giant unilamellar liposome after different times (i.e. t = 0, 83, 116, 140 s), t = 0 being the time at which the stimulation with NaCl began. Fig. 5b illustrates the reconstructed phase contrast images as pseudo three dimensional representations. At t = 83 s, the liposome began to deform under the influence of increasing salt concentration. The shrinking process forced the internal solution to flow out developing a compression of the lipid membrane of the liposome as seen at t = 116 s. At t = 140 s, the lipid was found to be present only in small amount in the phase contrast image. No invagination of the membrane was observed at any time. This observation indicates that either the lipid membrane is totally compressed or that the lipid is dispersed in the surrounding medium. To quantify changes in optical path length affected by volume and refractive index changes, cross sections through the quantitative phase images were used (Fig. 5a ) and a graph of the optical path length, z, versus the cross section, x, was plotted in Fig. 6 , for the different times (i.e. t = 0, 83, 116, 140 s). The picture is a representation of the change in thickness of the liposome. A decrease in the optical path length as well as in the diameter of the liposome (through the cross section) was observed. However, the decrease was not symmetrical and seemed to be slower in the left part of the cross section (between 5 and 15 µm). This distorted shape where the optical path length lent toward the left at a time equals to 83, 116 and 140 s was found to be suppressed when 40 % cholesterol was included in the lipid bilayer membrane compared to 10 % [data not shown]. It is well known that cholesterol, major component in most mammalian membranes, introduces conformational ordering of the lipid chains and increases the mechanical stiffness of the membrane while keeping the membrane fluid 34 .
CONCLUSIONS
In the present paper, the successful preparation of giant unilamellar liposomes has been shown as well as the observation of the lipid bilayer membrane. Digital holographic microscopy has been applied to investigate the structural properties of the giant liposomes. In contrast to standard phase contrast microscopy, quantitative phase imaging with high resolution can be obtained using this digital holographic system. This feature has allowed us to quantify the effect of salt on the deformation of a giant unilamellar liposome.
The presented results are preliminary and the application of digital holographic microscopy to unilamellar liposomes is novel. It would be of great interest to apply repetitive osmotic stresses such as a shrinking in 2 M NaCl followed by a swelling in pure water to see if the lipid bilayer membrane becomes again unilamellar. Similarly, it would be interesting to investigate if the deformation shapes of the liposome observed in Fig. 5 are due to the molecules of sucrose which are present in large excess in the liposome. For this analysis, the area difference elasticity model would be useful.
